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Abstract 18 
Lowland rice system in Asia makes a major contribution to the global rice supply 19 
and is often cited as an example of a sustainable system in which two or three crops 20 
of rice are grown in sequence under submerged conditions. However, reports 21 
indicate that water shortage may become critical in some regions for lowland rice 22 
cultivation; and there is high potential in exploring rice cultivation under moisture 23 
regimes that save water and also increase productivity. The objective of this paper is 24 
to analyze the consequences of switching the growing of rice from flooded to non-25 
flooded conditions on soil fertility management. Fertility advantages of submerged 26 
   
rice include amelioration of chemical fertility, preferential accumulation of organic 27 
matter and improved availability of major, secondary and selected micronutrients, 28 
which contribute to the long-term maintenance of soil fertility and sustainability of 29 
lowland rice system. On the other hand, the fertility problems in aerobic rice have to 30 
be dealt through diversification of the production systems. Continuous growing of 31 
aerobic rice on a plot might not be sustainable due to chemical and biological  32 
constraints. 33 
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 38 
Introduction 39 
Lowland rice or paddy systems in Asia make a major contribution to the global rice 40 
supply (Cassman and Pingali 1995). The lowland rice system is often cited as an 41 
example of a sustainable system (De Datta 1981; Kyuma 2004). Growing of rice in 42 
submerged soils is an integral component of the traditional, age-old technology in 43 
monsoon Asia (Kyuma 2004). This method of rice cultivation involves land 44 
preparation by cultivating the land in the flooded or saturated state (termed 45 
puddling), followed by transplanting rice seedlings into the puddled paddies, and 46 
growing of rice in submerged soils until two to three weeks prior to the harvest of 47 
the crop.   48 
Over 70% of Asia’s rice is produced in irrigated lowland fields with high 49 
irrigation requirements to maintain a layer of standing water on the soil surface 50 
   
during most of the growing season (Bouman and Tuong 2001).The water 51 
requirement of flooded rice in the Philippines determined during six seasons 52 
including both rainy and post-rainy seasons, varied from 1240 to 1889 mm in the 53 
flooded fields and 790-1430 mm in aerobic fields (Bouman et al. 2005). Actually, 54 
irrigation water shortage being experienced in some regions of Asia, is threatening 55 
the traditional system of lowland rice cultivation (Bouman et al. 2007). Hence, there 56 
is a need for exploring alternate water management practices that save water and 57 
at the same time enhance water productivity. Water productivity here is defined as 58 
the weight of economic yield or grains produced per unit of water input including 59 
rainfall plus irrigation (Bouman et al. 2005).   60 
For growing rice under  non-flooded conditions, there is a need to develop a 61 
strategy that includes the development of rice cultivars that are adapted to aerobic 62 
conditions. Also, management practices need to be developed in an integrated 63 
nutrient and pest management approach so that adapted rice cultivars sustain 64 
high yields. It is however, realized that rice yields under aerobic conditions are 65 
influenced by complex site-specific and ecological constraints and they need to be 66 
considered while developing management practices to go with adopted rice 67 
cultivars.     68 
Indeed, aerobic rice is seen as an emerging option to produce rice with less 69 
water than the submerged rice system (Tuong et al. 2005; Xue et al. 2008; Kato et al. 70 
2009).  The aerobic rice uses cultivars that maintain high productivity under aerobic 71 
non-submerged or non-saturated soils (Atlin et al. 2006; Peng et al. 2006; Kato et al. 72 
2009). There is an overlap in the definitions of traditional upland rice and aerobic 73 
rice (Bouman et al. 2007). Generally, rice grown on fertile uplands using high-74 
yielding cultivars with adequate water supply can be regarded as aerobic rice and 75 
   
non-irrigated or rain-fed rice with lower productivity expectations is regarded as 76 
upland rice (Kato et al. 2009). 77 
The present water shortage situation for growing rice (Bouman et al. 2007) 78 
indeed presents an opportunity to review and critically analyze the effects on soil 79 
fertility of non-flooded rice systems relative to those that accrue in flooded or 80 
submerged rice systems. Therefore, the main objective of this paper is to provide a 81 
setting for nutrient disorder-related problems that constrain aerobic rice as 82 
compared to flooded rice system with emphasis on soil fertility maintenance. Future 83 
research in this important area should focus in diagnosing and managing nutrient 84 
disorders and pest and diseases for the adoption and adaptation of aerobic or non-85 
flooded rice systems by rice growers especially in the regions facing critical 86 
irrigation water shortages. 87 
 88 
Basic principles of fertility in rice soils  89 
Rice is a sub-aquatic plant, well adapted to flooded soils, and thus is able to derive 90 
the benefits following flooding of the soil. However, upland rice is also grown in 91 
well-drained soils. Lowland rice is perhaps the only food crop, which thrives in 92 
submerged soils in monsoon Asia and other regions prone to seasonal or prolonged 93 
flooding (Kamoshita 2007). The adaptation of the lowland rice to flooded conditions 94 
is due to the presence of aerenchyma or pore space in the rice plant that conduit air 95 
from leaves to roots (Reddy and De Laune 2008).  96 
Submerged soils benefit the rice crop by providing a more conducive 97 
environment for nutrient availability and uptake as a result of the adjustment of 98 
soil pH in the neutral range (Ponnamperuma 1972, 1984). The presence of free 99 
water on the soil eliminates water stress and minimizes weed competition to the 100 
   
rice crop growth (Ponnamperuma 1975; DeDatta 1981; Rao et al. 2007). Also, the 101 
forms and availability of nutrients are related to moisture supply and flooded 102 
condition improves both availability (favorable soil pH) and the accessibility 103 
(nutrients delivery to rice plant roots improved both by mass flow and diffusion 104 
mechanisms) (Ponnamperuma 1975, 1984). Moreover, soil physical properties 105 
related to structure, which are important under arable or drained conditions, are 106 
not as important, as long as the soil is submerged under water (Ponnaperuma 107 
1984). In general, soil chemical properties are improved following submergence of 108 
the soil (Ponnamperuma 1984; Narteh and Sahrawat 1999). Paddy soils also provide 109 
a congenial environment for biological nitrogen fixation by a range of aerobic, 110 
facultative anaerobes and anaerobic bacteria (Ponnamperuma 1972; Sahrawat 1998; 111 
Kyuma 2004; Sahrawat 2004 b).   112 
The most important effect of submerging a soil under water is to cut the 113 
supply of oxygen. As a result, the entrapped oxygen is quickly exhausted and the 114 
soil becomes devoid of free oxygen. The lack of free oxygen or anaerobiosis causes 115 
soil reduction and sets in motion a series of physical, chemical, and biological 116 
processes that profoundly influence the quality of a soil as medium for growing rice 117 
or any other wetland crop (e.g., see Ponnamperuma 1972, 1984; Kyuma 2004). 118 
Submerging an aerobic soil in the water decreases its redox potential, which drops 119 
and stabilizes at a fairly stable range of + 200 mV to – 300 mV depending on the soil, 120 
especially on the content of organic matter and reducible nutrient elements—nitrate 121 
N (NO3-), manganic manganese (Mn4+), sulfate (SO42-) and ferric iron (Fe3+), 122 
especially iron (Table 2). However, the redox potential of the surface water and first 123 
few mm of top soil in contact with the surface water remains relatively oxidized in 124 
   
the redox potential range of + 300 to + 500 mV (Gambrell and Patrick 1978; Patrick 125 
and Reddy 1978; Fiedler et al. 2007).   126 
The Eh controls the stability of various oxidized components [oxygen, nitrate, 127 
manganese (Mn IV), ferric (Fe III) iron, sulfate (SO42-), and carbon dioxide (CO2)] in 128 
submerged soils and sediments (Patrick and Reddy 1978; Fiedler et al. 2007, Table 3). 129 
Soil reduction is influenced by the quality of the decomposable organic matter (OM) 130 
and the capacity of reduction is controlled by the quantity of easily reducible iron or 131 
active iron (Sahrawat 2004 a). 132 
 133 
Fertility advantages of flooded rice system   134 
Convergence of pH in the neutral range and the implications for nutrient availability   135 
Under submerged condition, the pH of soils is generally stabilized in the neutral 136 
range (6.5-7.5). Following submergence, the pH of alkaline soils decrease because 137 
under prevailing anaerobic condition ferric iron is used as an electron acceptor for 138 
oxidizing organic matter and during this process acidity is consumed 139 
(Ponnamperuma 1972; Narteh and Sahrawat 1999): 140 
Fe2O3 + ½ CH2O + 4 H+   = 2 Fe2+ + 5/2 H2O + ½ CO2   (1) 141 
In these redox reactions, ferric iron (from amorphous ferric hydroxides) 142 
serves as an electron acceptor and OM (CH2O) as the electron donor. This reaction 143 
results in the consumption of acidity and raising the soil pH.  144 
A decrease in pH of alkali or calcareous soils is the result of accumulation of 145 
carbon dioxide in flooded soil, which neutralizes alkalinity. Moreover, carbon 146 
dioxide produced is retained in the flooded soil due to restricted diffusion through 147 
standing water on the soil surface. This allows large quantities of carbon dioxide to 148 
accumulate and form mild acid, which helps in neutralizing alkalinity in the soil-149 
   
floodwater system (see equations 2 and 3). Moreover, the submerged soil system 150 
provides an ideal environment for reaction between carbon dioxide (carbonic acid) 151 
and alkalinity.  152 
CO2 + H2O = H2CO3      (2) 153 
H2CO3 = H+ + HCO3-      (3) 154 
Thus, iron reduction and carbon dioxide concentration in the submerged reduced 155 
soil system, play key role in controlling the pH of submerged soils.  The above 156 
reactions require an optimum temperature (between 25 and 35C) and the 157 
availability of easily decomposable organic matter, reducible iron and other electron 158 
acceptors such as sulfate and carbon dioxide (Ponnamperuma 1972; Sahrawat  159 
2004a). 160 
The convergence of soil pH in the neutral range following submerging of soils 161 
benefits the lowland rice crop through better availability of nutrients such as 162 
ammonium, phosphorus (P), potassium (K) and exchangeable cations, which are 163 
mobilized in soil solution. Aluminum (Al) toxicity and other acid soil-related 164 
nutrient problems prevalent in the upland soils (for review see Sahrawat 2009) are 165 
reduced or alleviated by soil submergence of flooding (Ponnamperuma 1972; Narteh 166 
and Sahrawat 1999).  A summary of results, gleaned from various sources in the 167 
literature, on the influence of flooding on nutrient availability is provided in Table 1.  168 
Equally importantly, the growing of wetland rice in submerged soil is 169 
recognized as a component of technology for the reclamation of salt-affected (saline, 170 
saline-alkali and alkali soils) soils (Gupta and Abrol 1990; van Asten 2003); because 171 
the growing of a lowland rice crop keeps the salt-affected soils productive even 172 
during the reclamation phase. During the reclamation of salt-affected soils, growing 173 
   
of a lowland rice crop allows ponding of water to facilitate the leaching of salts after 174 
the application of amendments such as gypsum and organic matter. The application 175 
of carbonaceous materials (e.g., rice straw from previous harvest and or compost) to 176 
salt-affected soils prior to submergence and growing of the lowland rice, can further 177 
catalyze the amelioration of these soils. Production of extra carbon dioxide helps to 178 
neutralize the alkalinity of alkali soils. In the case of saline soils, ponding of water on 179 
the soil surface facilitates the leaching of salts (Gupta and Abrol 1990; Rao and 180 
Pathak 1996; Qadir et al. 2007). 181 
 182 
Organic matter accumulation 183 
In addition to the favorable effects of soil submergence on fertility in general and N fertility 184 
in particular, lowland rice cultivation maintains or in some cases improves the OM status of 185 
paddy soils. A review of recent global literature showed that organic matter status of soils 186 
under continuous rice (two or three crops per year) is either maintained or even increased 187 
compared with soils under upland rice or in wetland rice-upland crop sequence where a 188 
general decline in soil organic matter has been reported (Witt et al. 2000; Sahrawat 2004 b; 189 
Pampolino et al. 2008; Cheng et al. 2009).   190 
Witt et al. (2000) showed that the sequestration of organic C and total N in 191 
wetland soils was significant during two years of cropping under flooded condition. 192 
An experiment was conducted on a clay soil at the International Rice Research 193 
Institute in Los Baños, Laguna, Philippines where five successive croppings (1993-194 
1995) involving rice-rice or maize-rice were grown.  Surface (0-15 cm) soil samples 195 
were taken at the start of the experiment in 1993 (wet season) and again in 1995 after 196 
harvest of the fifth crop in the wet season. There was a net gain in soil organic C and 197 
total N under the rice-rice system and a net decline under the maize-rice system. 198 
   
Replacement of dry season flooded rice crop by maize caused a reduction in C and N 199 
sequestration in the soil. The results demonstrated the capacity of continuous 200 
irrigated lowland rice system to sequester C and N during relatively short time 201 
periods (Table 4) and were in accord with those reported by other researchers on the 202 
long-term benefits of flooding on soil OM accumulation (Zhang and He 2004; 203 
Shrestha et al. 2006; Pampolino et al.  2008; Cheng et al. 2009 ; Nayak et al. 2009). 204 
Results reported from long-term experiments suggest that soil organic matter 205 
(SOM) levels under rice-wheat system in the Indo-Gangetic Plains have declined 206 
(Bhandari et al., 2002; Regmi, et al. 2002). On the other hand, prolonged submerged 207 
soil conditions stimulate SOM accumulation and C sequestration in wetland soils 208 
and sediments (Sahrawat 2004 b; Sahrawat et al. 2005; Pampolino et al. 2008; Nayak 209 
et al. 2009). In a long-term (32 years) study of SOM sequestration in the rice-wheat 210 
and maize-wheat systems in Punjab (India) showed that in both rice-wheat and 211 
maize-wheat cropping systems the application of farm yard manure or balanced 212 
fertilization resulted in higher C sequestration. However, the rice-wheat system 213 
(mean value of 260 kg C ha-1 year-1 in 0-60 cm depth) had a greater capacity to 214 
sequester C as compared to the maize-wheat (mean value of 70 kg C ha-1 year-1 in  215 
0-60 cm depth) system because of greater C input through enhanced productivity 216 
(Kukal et al. 2009).    217 
Nishimura et al. (2008) studied the effects of land use change from paddy 218 
cultivation to upland crop cultivation on soil C budget and found that the drainage 219 
of paddy fields for upland cultivation caused significant C loss from crop land soil. 220 
These results are in accord with those of earlier studies which showed that the 221 
drainage of paddy fields for upland crop cultivation causes loss of SOM due to 222 
   
enhanced decomposition of OM under aerobic condition (Mitsuchi 1974; Koizumi et 223 
al. 1993; Hu et al. 2004) The benefits of OM accumulation under long-term paddy 224 
rice cultivation were reversed by bringing the land under upland crop culture 225 
(Sahrawat 2004 b). Prolonged cultivation of lowland rice permits the accumulation of 226 
SOM.  For a detailed discussion of OM accumulation in submerged soils and 227 
sediments, readers are referred to a review by Sahrawat (2004 b).  228 
The decomposition of OM in aerobic soils is rapid in the presence of oxygen, 229 
which is the most efficient electron acceptor. On the other hand, in the absence of 230 
oxygen in flooded soils and sediments, decomposition of OM depends on the 231 
availability of alternate electron acceptors such as NO3-, SO42- or Fe2-. Since iron is 232 
present in high amounts in rice soils, the ferric-ferrous iron redox reaction plays a 233 
dominant role in the oxidation of OM and its mineralization in submerged soils and 234 
sediments (Sahrawat 2004a, 2010). Compared with arable soils, the decomposition of 235 
organic materials in submerged soils is slower, incomplete and inefficient, leading to 236 
net accumulation of OM (Sahrawat 2004 b; Reddy and De Laune 2008).  237 
The deficiencies of nutrients such as N, phosphorus (P), and sulfur (S) affect 238 
the growth of bacteria, which in turn influence C fixation, storage, and release in 239 
wetland ecosystems. The formation of recalcitrant complexes stabilizes OM, making  240 
it less accessible for decomposition by microbial activity and hence its accumulation. 241 
In addition, the productions of compounds in submerged soils and sediments, which 242 
are toxic to microbial population, also retard soil OM decomposition (Sahrawat 243 
2004b).  244 
The most important factor responsible for net accumulation of OM in wetland 245 
soils and sediments is the high net primary productivity of these systems (Neue et al. 246 
   
1997; Sahrawat 2004 b). In essence, slow decomposition of OM and higher net 247 
primary productivity of submerged rice soils lead to net accumulation of organic 248 
matter and N in submerged soils and sediments. 249 
 250 
Plant nutrient availability 251 
Pre-flooding of the soil for about four weeks prior to transplanting of the rice 252 
seedlings leads to the release of ammonium, P, K and other exchangeable ions in soil 253 
solution, which is good for growth of the rice plant (Ponnamperuma 1984; Sahrawat 254 
and Narteh 2002). This may allow the farmer to skip the basal application of N and 255 
reduce the application rates of P and K in some cases. The extent and release of 256 
ammonium and other cations and anions depends on soil chemical characteristics 257 
including pH, OM and texture (Ponnamperuma 1972; Narteh and Sahrawat 1999; 258 
Sahrawat 2010). 259 
Flooding soil is a great pH neutralizer in problem soils. This is brought about 260 
by the neutralization of acidity in acid soils and alkalinity in alkaline soils following 261 
flooding, thereby generally influencing favorably, the release and the availability of 262 
plant nutrients. Soils with moderate to high content of inherent or added organic 263 
matter can help bring soil pH to a neutral range, favoring nutrient uptake by 264 
wetland rice. Submergence of soil improves the availability of ammonium-N, P, K, 265 
calcium (Ca), magnesium (Mg), iron (Fe), manganese (Mn), and silicon (Si). Toxic 266 
concentrations of Al and Mn in soil solution are minimized with reduced solubility 267 
of these metals as a result of increased pH. On the other hand, the availability of S 268 
may be reduced due to sulfate reduction to sulfide in flooded soils. The supply of 269 
micronutrients such as copper (Cu) and molybdenum (Mo) is generally adequate. 270 
The availability of zinc (Zn) is reduced in submerged soils (Ponnamperuma 1972; 271 
   
Sahrawat 1998; Narteh and Sahrawat, 1999). Also see Table 1 for the summary of 272 
results on nutrient availability under flooded vs. aerobic conditions.   273 
There are other disadvantages associated with certain tropical soils in the 274 
humid regions that adversely influence the growth and production of lowland rice 275 
crop. For example, reducing conditions following flooding of iron-rich, acid soils 276 
lead to accumulation of excessive concentrations of ferrous iron in soil solution. The 277 
accumulation of excessive amount of ferrous iron in soil solution could cause iron 278 
toxicity to lowland rice. For detailed discussion of the various aspects of the topic, 279 
the readers are referred to reviews by Becker and Asch (2005) and Sahrawat (2004c). 280 
Also, submerged soils with high amount of OM or with added as fresh crop and 281 
organic residues may lead to the production of organic acids and sulfide, which can 282 
be toxic to the rice plant (Kyuma 2004).  283 
A summary of results on the comparative status of soil organic matter, 284 
availability of plant nutrients and other factors that influence rice plant growth and 285 
development under flooded and non-flooded conditions (Table 1) show that the 286 
fertility and other associated advantage under submerged conditions outweigh those 287 
in the aerobic rice conditions. In the longer these fertility advantages or 288 
disadvantages have a cumulative effect on soil quality for growing rice.    289 
 290 
 291 
 292 
Aerobic rice and soil fertility 293 
The soil reduction-driven moderation or amelioration in soil pH observed in 294 
submerged rice soils is not observed in aerobic soils. This is the major difference in 295 
the submerged and aerobic soils, which has an overwhelming influence on the 296 
   
general soil health and the availability of major and micro-nutrient elements in rice 297 
soils (Sahrawat 1998). The extreme soil pH acidic or alkaline in aerobic soils indeed 298 
causes complex nutrient imbalances in the root zone of plants because of high 299 
concentrations of nutrients such as Al, sodium (Na) and calcium (Foy 2002; Hiradate 300 
et al. 2007; Fageria and Baligar 2008; Sahrawat 2009). For example, Ponnamperuma 301 
(1975) reported that Fe and P deficiencies were prevalent in mineral soils with pH in 302 
the neutral range, while on strongly acid soils, P deficiencyand Mn toxicity were the 303 
likely toxicities to aerobic rice. The deficiencies of Fe and Zn to aerobic rice on the 304 
calcareous soils is well established (Ponnamperuma 1975;Yoshida 1981). The absence 305 
of free water on soil surface under aerobic rice soil conditions greatly influences 306 
weed control, and the availability and accessibility of nutrients by plant roots 307 
(Ponnamperuma 1975; Rao et al. 2007; Mahajan et al. 2009; Sahrawat 2009).    308 
Soil water regime especially in high pH calcareous soils, greatly influences the 309 
availability of micronutrients such as Fe and Mn; and the rice crop grown under 310 
upland aerobic conditions frequently suffers from Fe and at times Mn deficiency 311 
(Ponnamperuma 1975; Yoshida 1981; Takkar et al. 1989; Takkar 1996; Fageria et al. 312 
2002; Maruyama et al. 2005; Gao et al. 2006; Tao et al. 2007). On the other hand, in 313 
acid upland soils, the acid-soil-related infertility is a major constraint in the humid 314 
tropical regions. These soil infertility problems result from low pH, Al toxicity, P 315 
deficiency and low base saturation, and the interactions between various deficiencies 316 
and toxicities (Fageria and Baligar 2008; Sahrawat 2009). 317 
 318 
Yield decline resulting from continuous cropping od non-flooded or aerobic 319 
rice is a constraint to the widespread adoption of the aerobic rice technology in Asia. 320 
   
Shift in water regime from flooded to non-flooded conditions influence the 321 
availability N and requirement of the crop. For example, Belder et al. (2005) reported 322 
from a field study that the amount of N accounted for was higher under aerobic 323 
irrigated conditions than under flooded conditions. It was concluded that there is a 324 
need for optimizing the rate and timing of N application efficient N nutrition of the 325 
rice crop. Similar results were reported by Nie et al. (2009) from a pot culture study.  326 
It was suggested that the form, rate and time of N application need to be 327 
optimized for satisfactory growth the rice crop. Also, fertilizer N source that 328 
acidified the soil was found to be more efficient in N nutrition of the rice plants (Nie 329 
et al. 2009). Further studies showed that soil acidification (by application of dilute 330 
sulfuric acid) followed by application of N improved both plant growth of rice 331 
plants grown in aerobic conditions in pots (Xiang et al. 2009).  Nitrogen application 332 
was more effective than in increasing plant growth and N uptake than soil 333 
acidification. It was indicated that a reduction in soil N availability and plant N 334 
uptake following an increase in the soil pH probably contributed to the declines 335 
observed in the growth and yield of monocropped aerobic rice (Xiang et al. 2009).  336 
Thus, the issues relating to the sustainability of the aerobic rice, the crop need 337 
to be a part of the diversified system to maintain soil quality and health and  control 338 
pests and diseases, e.g., through the use of legumes in the cropping systems. 339 
Without diversification of the system, there is a potential threat to the sustainability 340 
of the system due to biological and soil chemical fertility constraints. For example, 341 
research showed that although aerobic rice can yield 3-6 t ha-1 under tropical climatic 342 
conditions, the crop can suffer from immediate yield failure or a drastic yield 343 
decline. Several factors have been suggested as the causal agents, which vary from 344 
   
the involvement of chemicals, nutrient imbalance and biological agents especially 345 
nematodes and root pathogens (Ventura and Watanabe 1978; George et al. 2002; 346 
Fageria and Baligar 2003; Coyne et al. 2004; Atlin et al. 2006; Kreye et al. 2009; 347 
Sahrawat 2009).  348 
A critical analysis of the results reported from diverse sites would suggest 349 
that under aerobic rice on soils with pH in the alkaline range, micronutrient 350 
imbalances  especially caused by the deficiency of Fe and Mn seem the potential 351 
causal factors and need further research (Fageria et al. 2002). Under acidic conditions 352 
in aerobic soils, low base saturation leads to nutrient imbalance (Fageria and Baligar 353 
2008; Sahrawat 2009). Another major constraint that influences the growth and yield 354 
of aerobic rice is the establishment of root knot nematode that invade the rice plant 355 
roots (Coyne et al. 2004; Kreye et al. 2009). On the other hand, soil submergence 356 
precludes the invasion of new roots of the rice plant by root knot nematode (e.g., see 357 
Coyne et al. 2004; Bridge et al. 2005). Moreover, under extended aerobic condition 358 
during the season, these problems related to micronutrient imbalance and root knot 359 
nematode invasion may occur and need to be addressed to help the rice growers 360 
cope with the problems associated with water-shortage. There is an obvious need to 361 
diagnose the causal factors that lead to yield decline in aerobic rice and to develop 362 
suitable management options to alleviate or avoid such constraints (Fageria and 363 
Baligar 2003; Kreye et al. 2009; Sahrawat 2009). 364 
Perspectives  365 
The benefits of growing rice in submerged soils are well documented and it is 366 
known that growing rice in submerged state not only imparts stability to rice 367 
production by alleviating water shortage, effective weed control (Ponnaperuma 368 
1972, 1984; DeDatta 1981), but also form the basis of soil fertility and organic matter 369 
   
conservation and maintenance in the longer-term (Sahrawat 2004b; Pampolino et al. 370 
2008). Soil erosion is not a problem in wetlands and indeed in some cases wetlands 371 
receive sediments from flowing water from the adjoining upland areas, which add to 372 
the organic matter and nutrient pools. 373 
Lowland soils conserve soil fertility and organic matter by net gains through 374 
various physical, chemical, and biological (including biological nitrogen fixation) 375 
processes. Wetlands also have relatively large capacity to sequester and store organic 376 
matter. Carbon sequestration under soil submergence is the foundation of 377 
sustainable fertility maintenance in wetland rice soils and is also a strategy to reduce 378 
atmospheric carbon dioxide concentration and mitigate climate change.  379 
Growing rice under non-flooded moisture regime likely would influence soil 380 
fertility and nutrient availability and this understandably has implications for the 381 
growth and productivity of aerobic rice.  Such soil quality and fertility effects could 382 
range from overall depletion of soil organic matter and nitrogen to the availability of 383 
nutrients such as P on acid soils and micronutrients such as Mn and Fe on calcareous 384 
soils (Ponnamperuma 1975; DeDatta 1981; Sahrawat 1998). With the land use change 385 
from paddy to aerobic rice is likely to have a reverse influence on the fertility 386 
benefits derived from soil submergence. This has implications for the growth and 387 
yield of aerobic rice through the depletion of soil organic matter and nitrogen 388 
(Sahrawat 2004b; Belder et al. 2005; Nie et al. 2009; Xiang et al. 2009); and the 389 
availability of some nutrients especially micronutrients such as Mn and Fe on 390 
calcareous soils (Ponnamperuma 1975; Yoshida 1981; Maruyama et al. 2005). While 391 
the long-term fertility benefits of wetland rice are established, the information on 392 
those under the aerobic rice needs to be generated by long-term studies for a 393 
   
comparative evaluation of the long-term effects of growing aerobic rice on the 394 
dynamics of soil chemical and biological fertility. 395 
To enhance rice productivity under non-flooded conditions, the role of 396 
cultivars that are adapted to aerobic soil is of critical importance, but there is genetic 397 
limit in the adaptation of the rice cultivars. The overall role of production (crop 398 
rotations or intercropping) systems  and nutrient and water management  assume 399 
greater  importance in the sustainability of the system as a whole. The critical limits 400 
for deficiency and toxicity of nutrients vary in flooded and non-flooded rice ecology 401 
and there is need for research in this important area for optimizing nutrient 402 
management strategy in aerobic rice (Nie et al. 2009). Equally importantly, there is 403 
need to generate information on the long-term effects of growing aerobic rice on 404 
chemical and biological fertility of soils  as such information will help in developing 405 
management strategies for a sustainable aerobic rice production system.  406 
References  407 
Atlin GN, Lafitte  HR, Tao D, Laza M, Amante M, Courtois B. 2006. Developing rice 408 
cultivars for high-fertility upland systems in the Asian tropics. Field Crops 409 
Res. 97 : 43-52. 410 
Becker M, Asch F. 2005. Iron toxicity in rice—conditions and management concepts. J 411 
Plant Nutr Soil Sci 168 :558-573. 412 
Belder P, Bouman BAM, Spiertz JHJ, Peng S, Castaneda AR, Visperas RM. 2005. 413 
Crop performance, nitrogen and water use in flooded and aerobic rice. Plant 414 
Soil 273 :167-182. 415 
Bhandari AL, Ladha JK, Pathak H, Padre AT, Dawe D, Gupta RK. 2002. Yield and 416 
nutrient changes in a long-term rice-wheat rotation in India. Soil Sci Soc Am J. 417 
66: 162-170.  418 
   
Bouman BAM, Tuong TP. 2001. Field water management to save water and increase 419 
its productivity in irrigated lowland rice. Agric Water Manag. 49: 11-30. 420 
Bouman BAM, Peng S, Castaneda AR, Visperas RM. 2005.Yield and water use of 421 
irrigated tropical aerobic rice systems. Agric Water Manag. 74:87-105. 422 
Bouman BAM, Lampayan RM, Tuong TP. 2007. Water Management in Rice: Coping 423 
with Water Scarcity. Los Baños, Philippines: International Rice Research 424 
Institute. 54 pp. 425 
Bridge J, Plowright RA, Peng DL. 2005. Nematode parasites of rice. In: Luc M, Sikora 426 
RA, Bridge J, editors. Plant parasitic nematodes in subtropical and tropical 427 
agriculture, second edition. Cambridge, UK: CAB International Publishing.  428 
p. 87-130. 429 
Cassman KG, Pingali PL. 1995. Intensification of irrigated rice systems: Learning 430 
from the past to meet future challenges. Geojournal 35: 299-305. 431 
Cheng YQ, Yang LZ, Cao  ZH, Ci E, Yin S. 2009. Chronosequential changes of 432 
selected pedogenic properties in paddy soils as compared with non-paddy 433 
soils. Geoderma 151:31-41. 434 
Coyne DL, Sahrawat KL, Plowright RA. 2004. The influence of mineral fertilizer 435 
application and plant nutrition on plant-parasitic nematodes in upland and 436 
lowland rice in Cote d’Ivoire and its implications in long term agricultural 437 
Research trials. Exp Agric. 40:245-256. 438 
De Datta SK. 1981. Principles and practices of rice production. New York, New York, 439 
USA: Wiley.  440 
Fageria  NK, Baligar VC. 2003. Upland rice and allelopathy. Commun Soil Sci Plant 441 
Anal. 34:1311-1329. 442 
   
Fageria  NK, Baligar VC. 2008. Ameliorating soil acidity of tropical Oxisols by liming 443 
for sustainable crop production. Adv Agron 99:345-399. 444 
Fageria NK, Baligar VC, Clark RB. 2002. Micronutrients in crop production. Adv 445 
Agron 77:185-268. 446 
Fiedler S, Vepraskas MJ, Richardson JL. 2007. Soil redox potential: importance, field 447 
measurements, and observations. Adv Agron. 94:1-54. 448 
Foy CD. 2002. Soil chemical factors limiting plant root growth. Adv Soil Sci. 19:97-449 
149. 450 
 451 
Gambrell RP, Patrick WH Jr. 1978. Chemical and microbiological properties of 452 
anaerobic soils and sediments. In: Hook DD, Crawford RRM, editors.  Plant 453 
life in anaerobic environments. Ann Arbor, Michigan, USA: Ann Arbor 454 
Science Publication. p. 375-423.  455 
Gao X, Zou C, Fan X, Zhang F, Hoffland E. 2006. From flooded to aerobic conditions 456 
in rice cultivation: Consequences for zinc uptake. Plant Soil 280:41-47. 457 
George T, Magbanua R, Garrity DP, Tubana  BS, Quiton  J. 2002. Rapid yield loss of 458 
rice cropped in aerobic soil.  Agron J. 94:981-989. 459 
Gupta RK, Abrol IP. 1990. Salt-affected soils: Their reclamation and management for 460 
crop production. Adv Soil Sci. 11:223-288. 461 
Hiradate S, Ma JF, Matsumoto F. 2007. Strategies of plants to adapt to mineral 462 
stresses on problem soils. Adv Agron. 96:65-132. 463 
Hu R, Hatano R, Kusa K, Sawamoto T. 2004. Soil respiration and net ecosystem 464 
production in an onion field in central Hokkaido, Japan. Soil Sci Plant Nutr. 465 
50:27-33. 466 
   
Kamoshita A. 2007. Historical changes in urban rice production systems in Tokyo, 467 
Japan. Plant Prod Sci. 10:245-269. 468 
Kato Y, Okami M, Katsura K. 2009. Yield potential and water use efficiency of 469 
aerobic rice (Oryza sativa L.) in Japan. Field Crops Res. 113:328-334. 470 
Koizumi H, Usami Y, Satoh M.  1993. Carbon dynamics and budgets in three upland 471 
double-cropping agro-ecosystems in Japan. Agric Ecosyst Environ. 43:235-244. 472 
Kreye C, Bouman BAM, Castaneda AR, Lampayan RM, Faronilo JE, Lactaoen AT, 473 
Fernandez L. 2009. Possible causes of yield decline in tropical aerobic rice. 474 
Field Crops Res. 111:197-206. 475 
Kukal SS, Rehana-Rasool, Benbi DK. 2009. Soil organic carbon sequestration in 476 
relation to organic and inorganic fertilization in rice-wheat and maize-wheat 477 
systems. Soil Till Res. 102:87-92.  478 
Kyuma K. 2004. Paddy soil science. Kyoto, Japan: Kyoto University Press. 479 
Mahajan G, Chauhan BS, Johnson DE. 2009. Weed management in aerobic rice in 480 
northwestern Indo-Gangetic Plains. J Crop Improv. 23:366-382. 481 
Maruyama T, Higuchi K, Yoshida M, Tadano T. 2005. Comparison of iron 482 
availability in leaves of barley and rice. Soil Sci Plant Nutr. 51:1035-1042. 483 
Mitsuchi M. 1974. Characters of humus formed under rice cultivation. Soil Sci Plant 484 
Nutr. 20:249-259.  485 
Narteh LT, Sahrawat KL. 1999. Influence of flooding on electrochemical and 486 
chemical properties of West African soils. Geoderma 87:179-207. 487 
Nayak P, Patel D, Ramakrishnan B, Mishra AK, Samantaray RN. 2009. Long-term 488 
application effects of chemical fertilizer and compost on soil organic carbon 489 
under intensive rice-rice cultivation. Nutr Cycl Agroecosyst. 83:259-269. 490 
   
Neue HU, Gaunt JL, Wang ZP, Becker-Heidmann P, Quijano C. 1997. Carbon in tropical 491 
wetlands. Geoderma 79:163-185. 492 
Nie L, Peng S, Bouman BAM, Huang J, Cui K, Visperas RM, Xiang J. 2009. Alleiviating soil 493 
sickness caused by aerobic monocropping: Responses of aerobic rice to various 494 
nitrogen sources. Soil Sci Plant Nutr 55:150-159. 495 
Nishimura S, Yonemura S, Sawamoto T, Shirato Y, Akiyama H, Sudo S, Yagi K. 2008. 496 
Effect of land use change from paddy rice cultivation to upland crop 497 
cultivation on soil carbon budget of a cropland in Japan. Agric Ecosyst 498 
Environ. 125 :9-20. 499 
Patrick WH Jr, Reddy  CN. 1978. Chemical changes in rice soils. In : Soils and rice.  500 
Manila, Philippines : International Rice Research Institute.   pp. 361-379.  501 
Peng S, Bouman B, Visperas RM, Castaneda A. Nie L, Park H –K. 2006. Comparison 502 
between aerobic and flooded rice in the tropics : agronomic performance in an 503 
eight-season experiment. Field Crops Res. 96 :252-259. 504 
Ponnamperuma FN. 1972. The chemistry of submerged soils. Adv Agron. 24:29-96. 505 
Ponnamperuma FN. 1975. Growth-limiting factors of aerobic rice. In : Major research 506 
in upland Rice. Los Baños, the Philippines : International Rice Research 507 
Institute. p. 40-43.   508 
Ponnamperuma FN. 1984. Effects of flooding on soils. In : Kozlowski T, editor. 509 
Flooding and plant growth. New York : Academic Press. P. 9-45. 510 
Pampolino MF, Laureles EV, Gines HC, Buresh RJ. 2008. Soil carbon and nitrogen 511 
changes in long-term continuous lowland rice cropping. Soil Sci Soc Am J. 512 
2:798-807. 513 
Qadir M, Oster JD, Schubert S, Noble AD, Sahrawat KL. 2007. Phytoremediation of 514 
sodic and saline-sodic soils. Adv Agron 96:97-247. 515 
   
Rao DLN, Pathak H. 1996. Ameliorative influence of organic matter on biological 516 
activity of salt-affected soils. Arid Soil Res Rehabil. 10:311-319. 517 
Rao AN, Johnson DE, Sivaprasad B, Ladha JK, Mortimer AM. 2007. Weed 518 
management in direct-seeded rice. Adv Agron. 93:153-255. 519 
Reddy KR, De Laune RD. 2008. Biogeochemistry of wetlands: Science and 520 
applications. Boca Raton, Florida, USA: CRC Press, Taylor and Francis Group, 521 
774 pp.  522 
Regmi A P, Ladha JK, Pathak H, Pasuquin E, Bueno C, Dawe D, Hobbs PR, Joshy D,  523 
Maskey SL, Pandey SP. 2002. Yield and soil fertility trends in a 20-year rice-524 
rice-wheat experiment in Nepal. Soil Sci Soc of Am J. 66:857-867. 525 
Sahrawat KL. 1983. Nitrogen availability indexes for submerged rice soils. Adv Agron. 36: 526 
415-451. 527 
Sahrawat KL. 1998. Flooding soil: a great equalizer of diversity in soil chemical  528 
fertility. Oryza 35:300-305. 529 
Sahrawat KL. 2004 a. Ammonium production in submerged soils and sediments: the 530 
role of reducible iron. Commun Soil Sci Plant Anal. 35:399-411. 531 
Sahrawat KL. 2004 b. Organic matter accumulation in submerged soils. Adv  Agron. 532 
81: 169-201. 533 
Sahrawat KL. 2004 c. Iron toxicity in wetland rice and the role of other nutrients. J Plant 534 
Nutr. 27:1471-1504. 535 
Sahrawat KL. 2009. The role of tolerant genotypes and plant nutrients in reducing acid-soil 536 
infertility in upland rice ecosystem: an appraisal. Arch Agron Soil Sci. 55:597-607. 537 
Sahrawat KL. 2010. Nitrogen mineralization in lowland rice soils: The role of organic matter 538 
quantity and quality. Arch Agron Soil Sci. 56:337-353. 539 
   
Sahrawat KL, Narteh LT. 2002. A fertility index for submerged rice soils. Communic Soil 540 
Sci Plant Anal 33:229-236. 541 
Sahrawat KL, Bhattacharyya T, Wani SP, Chandran P, Ray SK, Pal DK, Padmaja  542 
KV. 2005. Long-term lowland rice and arable cropping effects on carbon and 543 
nitrogen status of some semi-arid tropical soils. Current Sci. 89:2159-2163. 544 
Shrestha RK, Ladha JK, Gami SK. 2006. Total and organic soil carbon in cropping 545 
systems of Nepal. Nutr Cycl Agroecosyst. 75:257-269. 546 
Takkar PN, 1996. Micronutrient research and sustainable agricultural production. J  547 
Indian Soc Soil Sci. 44:563-581. 548 
Takkar PN, Chhibba IM, Mehta SK. 1989. Twenty Years of Coordinated Research on 549 
Micronutrients in Soils and Plants (1967-1987). Bulletin no. 1. Bhopal, India: 550 
Indian Institute of Soil Science. 551 
 552 
Tao HB, Dittert K, Zhang LM, Lin S, Roemheld V, Sattelmacher B. 2007. Effects of 553 
soil water content on growth, tillering, and manganese uptake of lowland rice 554 
grown in the water-saving ground-cover rice-production system (GCRPS). J  555 
Plant Nutr Soil Sci. 170:7-13. 556 
Tuong TP, Bouman BAM, Mortimer M. 2005. More rice, less water—integrated 557 
approaches for increasing water productivity in irrigated rice-based systems 558 
in Asia. Plant Prod Sci. 8:231-241. 559 
van Asten PJA. 2003. Soil quality and rice productivity problems in Sahelian 560 
irrigation schemes. Tropical Resource Management Papers No. 46. 561 
Wageningen, the Netherlands: Department of Environmental Sciences, 562 
Wageningen University and Research Centre. 563 
   
Ventura W, Watanabe I. 1978. Growth inhibition due to continuous cropping of 564 
dryland rice and other crops. Soil Sci Plant Nutr. 24:375-389. 565 
Witt C, Cassman KG, Olk DC, Biker U, Liboon SP,  Samson MI, Ottow JCG. 2000. 566 
Crop rotation and residue management effects on carbon sequestration, 567 
nitrogen cycling and productivity of irrigated rice systems. Plant Soil. 225: 568 
263-278. 569 
Xiang J, Haden VR, Peng S, Bouman BAM, Visperas RM, Nie L, Huang J, Cui K. 570 
2009. Improvement in nitrogen availability, nitrogen uptake and growth of 571 
aerobic rice following soil acidification. Soil Sci Plant Nutr 55:705-714. 572 
Xue C, Yang  XG, Bouman BAM, Deng W, Zhang QP, Yan WX, Zhang TY, Rouzi A, 573 
Wang HQ. 2008. Optimizing yield, water requirements, and water 574 
productivity of aerobic rice for the North China Plain. Irrig Sci. 26:459-474. 575 
Yoshida S. 1981. Fundamentals of rice crop science. 1981. Manila, the Philippines:  576 
International Rice Research Institute. 577 
Zhang M, He Z. 2004. Long-term changes in organic carbon and nutrients of an Ultisol  578 
 Under rice cropping in southeast China. Geoderma. 118:167-179. 579 
580 
   
Table1.  Changes in soil organic matter, availability of plant nutrients and other factors affecting plant 581 
growth under submerged and aerobic rice systems1  582 
                                                     583 
 Submerged rice Aerobic rice 
pH Converges to neutral range Ambient pH  
Organic matter Favors accumulation of C and N but 
reduction products can be toxic 
Decomposition is rapid and 
the accumulation relatively 
slow 
C:N ratio Wider C:N ratio due to OC accumulation Varies with soil and organic 
matter management 
NH4-N Production and accumulation favored Oxidized to nitrate, which is 
liable to loss by leaching and 
denitrification 
P Improved P availability Not applicable 
K Improved K availability Not applicable 
S Reduced S availability likely due to 
sulfide formation 
Normal availability due to 
sulfate 
Fe Improved Fe availability in alkali and 
calcareous soils, but Fe toxicity may occur 
in acidic soils high in reducible Fe 
Iron deficiency is a serious 
problem in calcareous and 
high pH soils 
Mn Reduced solubility Depends on pH, toxicity in 
acid soils 
Cu, Zn and Mo Improved availability of Cu and Mo but 
not of Zn 
Depends on soil pH 
Al Not a problem except perhaps in acid 
sulfate soils 
Serious problem on acidic 
soils 
Reduction 
products 
Sulfide and organic acids produced can be 
toxic 
Not a problem 
Root knot 
nematodes  
Relatively less of a problem  Serious problem  
Sustainability Stability provided Stability under question  
 584 
1
Gleaned from various sources in literature (for details see Ponnamperuma 1972, 1975,1984; DeDatta 1981; 585 
Yoshida 1981; Bridge et al. 2005; Becker, Asch 2004; Coyne et al. 2004; Fageria et al. 2003; Kreye et al. 2009; 586 
Sahrawat 1998, 2004a,b,c,2009,2010; Sahrawat et al. 2005). 587 
588 
   
Table2.  The range of oxidation-reduction potential found in rice soils ranging from  589 
well drained to waterlogged conditions
1
 590 
________________________________________________________________________ 591 
Soil water condition     Redox potential (mV) 592 
________________________________________________________________________ 593 
Aerated or well-drained    + 700 to + 500 594 
Moderately reduced     + 400 to + 200 595 
Reduced      + 100 to – 100 596 
Highly reduced     - 100 to – 300 597 
________________________________________________________________________ 598 
1
Adapted from Patrick and Reddy (1978).  599 
 600 
  601 
602 
   
Table3. The range of redox potentials in which the main oxidized components in submerged 603 
soils become unstable
1
 604 
_________________________________________________________________ 605 
Reaction     Redox potential (mV) 606 
_________________________________________________________________ 607 
O2 – H2O     + 380 to + 320 608 
NO3
-
 – N2,   Mn
4+
 – Mn2+   + 280 to + 220 609 
Fe
3+
 – Fe2+     + 180 to + 150 610 
SO4
2-
 – S2-     - 120 to – 180 611 
CO2 – CH4     - 200 to – 280  612 
 613 
1
Adapted from Patrick and Reddy (1978). 614 
615 
   
Table 4. Estimated soil organic6carbon and total soil nitrogen balance for the rice-upland 616 
crop rotation experiment after five consecutive crops in 1993-1995. The data presented are 617 
from treatments without any N fertilizer application
1
.
           
618 
 619 
 620 
Cropping system   Rice-Rice  Maize-Rice 621 
________________________________________________________________________ 622 
Soil organic C, kg ha
-1 
623 
 624 
1993 wet season   19130 (827)
2
             19222 (791) 625 
 626 
1995 wet season   20973 (494)  19105 (403) 627 
 628 
Change                   + 1843 (440)  - 216 (502) 629 
 630 
Total soil N, kg ha
-1 
631 
 632 
1993 wet season   1811 (47)  1771 (56) 633 
 634 
1995 wet season   1863 (49)  1720 (29) 635 
 636 
Change               + 52 (30)  - 51 (32) 637 
 638 
 639 
1
Adapted from Witt et al. (2000). Five consecutive crops under two rotations were grown in 640 
wet and dry seasons under irrigated conditions. The crops received uniform application of P 641 
(26 kg ha
-1
) and K (50 kg ha
-1
) each season. Zinc (10 kg Zn ha
-1
) was applied uniformly in 642 
1993 wet season.  643 
 644 
2
Standard error. 645 
 646 
. 647 
       648 
